H I G H L I G H T S G R A P H I C A L A B S T R A C T
An all-solid-state Pb
2+
-ISE with bimodal pore C 60 as solid contact is developed. The bimodal pore C 60 -based solid contact is prepared by electrochemical deposition. The electrode shows an excellent potential stability with a LOD of 5.0 Â 10 À10 M.
Introduction
All-solid-state ion-selective electrodes (ASS-ISEs) with solid inner contacts have been received much attention since the beginning of the 1970s with the invention of coated wire electrodes (CWEs), which consist of a metallic conductor covered with an ion-selective membrane [1] . Unfortunately, coated wire electrodes show long-term potential instability, which is attributed to the lack of a well-defined interface between the ionically conductive sensing membrane and the electronically conductive conductor and the formation of a thin water layer between them [2, 3] . By incorporation of appropriate redox-active compounds to the ISE membranes [4, 5] or using conducting polymers (CPs) such as polypyrrole, poly(3-octylthiophene), polyaniline and poly (3,4-ethlyenedioxythiophene) as solid contacts [6] , the potential stabilities of all-solid-state ISEs can be largely improved. However, these methods may still suffer from problems of the presence of the water layers, undesired side reactions with redox interferences and sensitivity to light, dissolved oxygen and CO 2 [6, 7] . It is therefore highly desired to develop alternative materials as solid contacts in order to obtain stable and reliable potential responses for all-solid-state ISEs.
In recent years, carbon-based nanomaterials such as graphene [8, 9] , three-dimensionally ordered macroporous carbon [10] , colloid-imprinted mesoporous carbon [11] and carbon nanotubes [12] have been used as solid contacts for the fabrication of ASS-ISEs. Due to the large double layer capacitances and hydrophobic properties of carbon materials, these ASS-ISEs possess high potential stability, and show the absence of an interfacial aqueous layer between the polymeric sensing membrane and the underlying solid contact. In addition, these carbon materials based ASS-ISEs have excellent resistance to O 2 , CO 2 , light and redox interferences. Therefore, carbon-based materials have become more attractive as solid contacts for fabricating ASS-ISEs [13] .
Fullerenes (C 60 ), as three-dimensionally electron-acceptor carbon-based materials, have been reported to be efficient charge-transfer mediators [14] . Fullerene derivatives [2] and pristine C 60 [15] have been employed as solid contacts for preparing ASS-ISEs. Interestingly, bimodal pore C 60 (BP-C 60 ), which is prepared by introducing multiple pores in pristine C 60 crystals, shows a larger surface area than that of the pristine C 60 . BP-C 60 can be applied in high-power solar cells and capacitors, large hydrogen storages, and highly sensitive chemical and physical sensors [16] . However, BP-C 60 has not been used as solid contact for ASS-ISEs.
Herein, we report on the use of BP-C 60 with macro-and meso-pore architectures as solid contact to develop an all-solid-state polymeric membrane Pb 2+ -ISE. The BP-C 60 film was prepared on a glassy carbon electrode by an electrodeposition method. The electrodeposition technique offers a straightforward fabrication process for preparing solid contacts, and has advantages of high efficiency and good reproducibility as compared with the drop-casting method which has been commonly employed for the preparation of carbon-based solid contacts for ASS-ISEs [17] . In the studies reported here, the electrochemical properties of the BP-C 60 -based solid contact were characterized by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), and the potentiometric performance of the proposed membrane electrode with BP-C 60 as solid contact was investigated.
Materials and methods

Reagents
C 60 powders (99.5% pure) were purchased from JC nano Materials Tech Co., Ltd. (Nanjing, China), lead ionophore IV, [tert-butylcalix [4] 
Electrodeposition of BP-C 60 on the GC electrode
The BP-C 60 materials with macro-and meso-pore architectures, including BP-C 60 (I) and BP-C 60 (II), were synthesized respectively in the mixture solvents of CCl 4 and benzene with the weight ratios of 2:8 and 1:9 by the liquid-liquid interfacial precipitation method [16] . A BP-C 60 suspension was prepared by adding 1 mL toluene containing 0.15 mg mL À1 BP-C 60 into acetonitrile of 3 mL with stirring. The BP-C 60 film with a thickness of approximately 50 mm was electrodeposited on the GC electrode in the mixture solution containing BP-C 60 at 5 V for 10 min. For comparison, the pristine C 60 modified GC electrode was also prepared under the same conditions. The aboveprepared electrodes are denoted as GC/BP-C 60 (I), GC/BP-C 60 (II) and GC/C 60 electrodes, respectively.
Fabrication of the all-solid-state Pb 2+ -selective electrodes
The membrane cocktail components (totaling 250 mg), including lead ionophore IV (1.00 wt.%), NaTFPB (0.44 wt.%), ETH 500 (1.00 wt.%), PVC (32.52 wt.%), and o-NPOE (65.04 wt.%), were dissolved in tetrahydrofuran of 2 mL. All-solid-state Pb 2+ -ISEs (GC/BP-C 60 (I)/Pb 2+ -ISEs) were prepared by drop-casting 100 mL of the membrane cocktail on the GC/BP-C 60 (I) electrodes.
After being dried for 12 h at room temperature, the electrodes were conditioned in 1.0 Â 10 À3 M Pb(NO 3 ) 2 for 1 day and in 1.0 Â 10 À9 M Pb(NO 3 ) 2 for 2 days. For comparison, the coated disc electrodes (GC/Pb 2+ -ISEs) were prepared by covering bare GC electrodes with the above mentioned membrane cocktail. For the selectivity measurements using the separate solution method [18] , the electrodes were conditioned in 1.0 Â 10 À3 M NaCl overnight.
Apparatus and measurements
The electromotive force (EMF) measurements were carried out at room temperature using a CHI 660C electrochemical workstation (Shanghai Chenhua Apparatus Corporation, China). Hg/Hg 2 Cl 2 with 0.1 M LiOAc as salt bridge electrolyte was used as reference electrode. All EMF values were corrected for liquid junction potentials according to the Henderson equation, and activity coefficients were calculated according to the Debye-Hückel approximation.
CV was carried out in a 0.1 M KCl solution by using the CHI 660C electrochemical workstation with a conventional three-electrode system, consisting of the GC/BP-C 60 electrode as the working electrode, a platinum wire as the counter electrode, and an Ag/AgCl (3 M KCl) electrode as the reference electrode. The cycles were recorded between À0.5 and 0.5 V with a scan rate of 100 mV s A DYY-6C electrophoresis power supply (Beijing Liuyi Instrument Factory) was applied to electrodeposit BP-C 60 with a GC electrode as the working electrode and a platinum plate as a counter electrode. Scanning electron microscopy (SEM) images were obtained by an S-4800 SEM (Hitachi, Ltd., Japan). Anodic stripping voltammetry (ASV) was performed by a 797 VA Computrace (Metrohm Ltd., CH-9101 Herisau, Switzerland).
Results and discussion
3.1. Characterization of the BP-C 60 film BP-C 60 was electrodeposited on the GC electrode under a direct current voltage [19] . The preparation process is rapid, controllable and efficient as compared to the drop-casting method [15] . The influence of electrodeposition voltage (1, 5, and 10 V) on the electrochemical performance of the BP-C 60 (I) film was estimated by cyclic voltammetry in 0.1 M KCl. As shown in Fig. 1a , the capacitive current of the GC/BP-C 60 (I) electrode prepared at 5 V is higher than that of the electrode prepared at 1 V, which may be attributed to that higher deposition voltages increase the amount of BP-C 60 (I) on the GC electrode surface. Fig.1a also shows that no significant difference between the capacitive currents at the deposition voltages of 5 and 10 V was observed. Thus, the deposition voltage of 5 V was chosen for preparing the GC/BP-C 60 (I) electrode.
The electrochemical performances of the bare GC, GC/C 60 and GC/BP-C 60 (II) electrodes were also investigated in 0.1 M KCl by using CV. As shown in Fig. 1b , the capacitive current of the bare GC electrode is negligible. The capacitive current of the GC/BP-C 60 (I) electrode is higher than that of the GC/C 60 electrode, which may be due to that the presence of pores in BP-C 60 (I) increases the surface area and subsequently influences the double layer capacitance of the GC/BP-C 60 (I). Additionally, the capacitive current of the GC/BP-C 60 (I) electrode is higher than that of GC/BP-C 60 (II), which indicates that the inherent properties of the BP-C 60 material are influenced by the preparation conditions, i.e., the ratio of CCl 4 /benzene [16] . Since the solid contact with a large double layer capacitance is a prerequisite for developing a stable ASS-ISE, BP-C 60 (I) was selected for the present work.
SEM images of the BP-C 60 (I) are shown in Fig. 2 . The obtained C 60 crystals with bimodal pore architectures show 2D hexagonal plate-like morphology [16] (Fig. 2a) . By magnification, Fig. 2b shows that the pore sizes for macro-and meso-pores are 50-150 and 20-50 nm, respectively.
Potentiometric measurements
The potentiometric response of the GC/BP-C 60 (I)/Pb 2+ -ISE 
Selectivity
The selectivities of the GC/BP-C 60 (I)/Pb 2+ -ISE and GC/Pb 2+ -ISE were examined by the separated solutions method [18] . As shown in Table 1 , similar selectivity coefficients were obtained for the GC/BP-C 60 (I)/Pb 2+ -ISE and GC/Pb 2+ -ISE. Additionally, these results are consistent with that of the conventional Pb 2+ -ISE with an inner filling solution [20] . These results indicate that the ISE selectivity is dependent on the composition of the ion-selective membrane itself.
Chronopotentiometry
Current-reversal chronopotentiometry was used to evaluate the short-term potential stability of the BP-C 60 (I)-based Pb 2+ -ISE. ). These results indicate that the potential stability of the electrode can be dramatically improved by using the BP-C 60 (I) film as solid contact. Moreover, the low-frequency capacitance for the GC/BP-C 60 (I)/Pb 2+ -ISE is estimated to be 90 mF by using the equation DE/Dt = I/C [21] , which is higher than those obtained for the carbon black (51 mF) [22] and single-walled carbon nanotubes (SWCNTs) (60 mF) based ASS-ISEs [23] .
Impedance measurements
The impedance spectrum of the GC/BP-C 60 (I) electrode was investigated in 0.1 M KCl. As shown in Fig. 5a , the impedance spectrum is dominated by an approximate 90 capacitive line and a slight deviation from the capacitive line is found at the high frequency region. These results indicate that there are fast charge transfers at the GC/BP-C 60 (I) and the BP-C 60 (I)/solution interfaces.
Impedance measurements of GC/BP-C 60 (I)/Pb 2+ -ISE and GC/Pb 2+ -ISE recorded in 1 Â10 À3 M Pb(NO 3 ) 2 are shown in Fig. 5b . Both impedance spectra display a high-frequency semicircle, which is related to the bulk membrane resistance coupled to the contact resistance at the interface between GC or solid contact and the ion-selective PVC membrane [24] . As shown in Fig. 5b , the resistance of the GC/BP-C 60 (I)/Pb 2+ -ISE (0.25 MV) is smaller than that of the GC/Pb 2+ -ISE (0.4 MV), which indicates that the charge transfer across the interfaces is facilitated due to the presence of BP-C 60 (I) [25] . In addition, the low-frequency part in the impedance spectrum of the GC/BP-C 60 (I)/Pb 2+ -ISE, which is associated with the double layer capacitance in parallel with the charge-transfer resistance between the GC electrode and BP-C 60 (I)/PVC membrane [21] , is lower than that of the GC/Pb 2+ -ISE. The results indicate that the presence of BP-C 60 (I) between the ion-selective polymeric membrane and the GC electrode could increase the low-frequency capacitance of the proposed all-solid-state Pb 2+ -ISE.
Effects of oxygen, CO 2 and light
The effects of oxygen, CO 2 and light on the potential response of the GC/BP-C 60 (I)/Pb 2+ -ISE were investigated, respectively. The effect of O 2 or CO 2 was tested by bubbling O 2 or CO 2 into 10 À3 M Pb(NO 3 ) 2 for 0.5 h, and then purging N 2 for 0.5 h to remove O 2 or CO 2 . The effect of light was studied by continuously recording the electrode potential response in 1 Â10 À3 M Pb(NO 3 ) 2 while turning on/off the ambient light. As illustrated in Fig. 6 , no significant potential changes were recorded during the measurements. Similar to other carbon-based materials, the insensitivity to O 2 and CO 2 may be due to the high hydrophobicity of BP-C 60 [11] . The elimination of the light interference may be due to that BP-C 60 (I) is an electron conductor rather than a semiconductor, which is different from conducting polymers as solid contacts [26] .
Water layer test
To investigate the influence of a water film between the solid-contact layer and the ion-selective membrane, the water layer tests were carried out [27] . -ISE, which may be due to the high hydrophobicity of BP-C 60 (I).
Analytical applications
In order to demonstrate the feasibility of the proposed GC/BP-C 60 (I)/Pb 2+ -ISE for environmental analysis, the lead contents in tap water samples were detected by the direct potentiometry. Before measurements, the samples were acidified with 0.1 M HNO 3 and the pH values were adjusted to 4 to assess total lead after releasing the trace Pb 2+ from the lead carbonate complexes [28] . As shown in Table 2 , the concentrations of Pb 2+ determined by the proposed Pb
2+
-ISE are in good agreement with those obtained by ASV. Moreover, the proposed BP-C 60 -based Pb 2+ -ISE exhibits considerable potential stability, good resistance to O 2 , CO 2 and light, and no water film is formed between the ion-selective membrane and the underlying BP-C 60 solid contact. The BP-C 60 (I)-based ISEs could be used as an effective tool for monitoring heavy metals in environmental samples.
